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Abstract

The proposed Small Solar 1 ’robe mission features a close approach to the
sun with a periliclion of 4 .. Carbon molccules emitted from the spacecraft’s
heat shield will bhecome ionized by clectron inpact and photoion ization. The
newly created ions and clectrons may generat ¢ electromagunetic and electro-
static plasma waves between LE (1 of). ) and VLF (0.2, ) whichare possible
sources of interference with in-situ plasmaimecasurements. To understand this
possible interference, we have performed computer simulations to model the
clectromagnetic and electrostatic field disturbances causal by the pick-up Pro-
cess of Clions and related clectrons as the spacecraft flies across the external
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solar coron @ magnetic field. in order t o study the wave particle interactions,
which includes inhomogencitics (of the €3 ) plasina) and kinetic effects, we
use the clectromagnetic particle code called Kyoto University Elect romagnetic
Particle Code (KEMPO) [Matsumoto and Omura, 1984). We find that there
arc no substantial plasma waves generated by the electron and ion pickup.
The clectricficld near the spacecraft is also small. ‘1'1111s, there should be
no interference for Small Solar I'robe.  We will aso give a first-principles

argument why 1 .ow Frequency instabilities should not occut.

1 Introduction

Knowledge about the solar corona, especially the region from 1 to 30 Rg, is quite limited.
Plasima densities, temperatures and velocities are presently determined from remote op-
ticaland radio mecasurcments, as well as by theoretical modeling. The observations and
theory of the solar corona suggest theimportance of coronal heating and acecleration in
the outer portions of the corona, but the nature of this heating and acceleration is poorly
understood at this time. Smal Solar 1 °’robe will he t he first spaceeraft to ineasure the in
situ plasma, magnetic ficld, plasma waves and energetic particle properties at 41, Other
instruments to be carried on the spacecraft are an x-ray detector and a coronal immager.
These near solar observations are the only way the processes that has’t the upper corona
and accelerated solar can make major progress.

T'he current Small Solar P’robe mission design includes a carbon-carbon heat shield
to protect the instruments from the intense solar radiation.  Because the heat shield
will reach up to 2100K at 4%, Cy nculral molecules will be evaporated into the solar

wind. Present engincering designs are dNg, /dt < 2.5 mg s™ 1. These carl)011 molecules



are then ionized by Dboth solar radiation and clectron impact ionization. The newly
crcated ions and electrons are picked up by the solar wind plasma and maguetic field.
In this process |, the Cy-origin electrons will be accelerated by the Lorentz force (vg X 13
), where vg is a velocity of thie spacecraft relative 1o the solar wind (vew -- v). The
newly created electrons may generate electron cyclotron harmonics in the high frequency
regime, f > Q.. The Cj ions may be responsible for the gencration of low frequency
waves near the C3 jon’s eyclotron frequency. The purposc of this papper is to estima te the
density modification in the vicinity of the spacecraft and the potential structure around
the spacecraft (the spacecraft has been included in this modelling). We will also examine
whether plasma instabilitics occur and what wave amnplitudes can be expected.

Interaction hetween the solar wind and hicavy pickup ions has been t hicoretically stud-
id previously by many authors. Golden et al. [1973] have examined the stability condi-
tion for the beam- whistler, and for the beam- ion acoustic mode interactions in the limit
me-»> O. They suggest that unstable waves with zero group velocity in the spacecraft
frame can exist near the leading edge of the shock for upstream Alfven Mach munbers
greater than 5.95.

DBrinca and Tsurutani [1989] analyzed the stability of low-frequency clectromagnetic
modes excited by coexisting newborn ions and showed that the cffect of multiple ions
on wave growth depends not only on their mass but also on the physical nature of the
wave modcs for given background magnetoplasma conditions and relative densities. Their
stability analyses assured au isot ropic background and spatially uniforin distribution of
newborn ions,

Kojima et al. [1989], from nunerical simulations, found a non-lincar competing pro-
cess for R-mode waves excited by water group ions ncar comets. Omidi and Winske

[1987] also examined the kinetic processes with solar wind mass loading due t o cometary



pickup ions. Although thiey took into account the density gradient near the cometary
bow shock, they used hybrid simulation codes, which treat the clectrons as a massless
fluid, in order to analyze Low Frequency clectromagnet ic modes.

Active experiments and spacecraft observations have been widely conducted for  a
decade. The Active Magnetospheric 'article *Jracer Bxplorer (A MPTE) solar wind ion
release mission provided information on the interaction between solar wind and the ar-
tificial ion cloud. Gurnett et al. [1986] reported shock-like clectrostatic noise  associated
with the lithium ion relcase on September 11, 1984 and on September 20, 1984, They
have presented detailed analysis of clectrostatic instabilitics for various lithum to proton
density ratios. T'wo-dimensional structure around the lithum ion cloud is still not well
understood. Applicability of their results to the small solay probe is also unclear.

Computer siimulations arc one of the most powerful methods to investigate spatial
plasma inhiomogencitics in the vicinity ofa spacecraft. In processes where wave particle
interactions have a major role, a full-particle clectromagnetic code is the appropriate
method to use. We apply the KEMPO code to study the Small Solar Probe heat shield
outgassing problem. In this paper we examine the spacecra ft environ ment at 413 with a
full-particle simulation. We apply a realistic model, which takes into account the carbon
outgassing al a rate of 2.5 mg s’ ( this is scaled in the computer simulations).

From a scries of our computer siinulations, we determine that the Ce electrons diffuse
very rapidly and are carricd away from the spacecraft. On the contrary, the C3 ions
tend to stay close to the satellite. However, we should mention that the spacceraft
environment is highly depend on the angle between the spacecraft velocity vector and
the solar wind magnetic ficld. Our simulational results examine diflferent angles of the
solar wind magnetic field. We will discuss these results and will explain this dependence.

The contents of this paper arc as follows. Iirst, we estimate C3 density in the vicinity



of the spaceeraft. in Section 2. Then, we introduce the simulation model in Section 3. In
Scction 4, we present our results. We summarize and discuss t hese results in Section 5.
We will also explain why LF wave generation is not expected in Scction 5. Section 6 is
the smnmary and describes the lack of €3 and clectron interference with the Small Solar

P’robe mission.

2 Density Estimation

First, we estimate the neutral C2 density, pez, as a function of distance from the spacecraft,
7. The neutral Ce particles flow isotropically outward fromn the spacecraft. The density
as a function of r is:
¢

5 et 0
where Q) is mass loss rate of the carbon licat shicld in gm s~ *, Mo is mass of Cz ions in
gm, 7 is the distance from the spaceeraft iy cn, and V, is the out flow velocity of neutrals
in em s 1 The ionization time of Cy particles at 41¢¢ is assumed to be 7= 1.7X 102
sec’ ' ( Goldstein €, al. [1 990]). Assuming a spacecraft radius of 2 met ers, an upper limit

for the (5 density is estimated assuming no removal by solar wind electric field (i.c., out

flow of newly createdions with their initial velocity 14 ,):

Doy = f 7‘?\/,,/)(,?7(17' )
200

Anupper limit for Q is 2.5 x 10-0 gin s’ andV,:1.0 x 10°> e s ( Goldstein ¢t al
[1989]). The estimated pickup ion density is givenin Figure 1. The maximum pickup ion
density is about 1.3 x 10" em™2 at a distance of 4 x 10?2 em from the spacecraft surface.  Iig.1

The solar wind parameters at the periliclion of Small Solar Probe, 4 solar radii from

the center of the sun, are determined from solar parameters given in Randolph [1989].



The spacecraft velocity is 310 ki s 1. The nominal value of the magnetic field B, at this

distance may be taken as 0.1 Gauss; the solar wind plasma density N should be assumed

to be 5 x 101 et Thie electron temperature 7% and ion temperatures 7; arc taken to be

10°K . The Alfven speed therefore is 2400 km s‘1. The outwa rd solar wind radial velocity

Vew of 400 km s~ ! is parallel to the magnetic field. Using these parameters, the proton

gyrofrequency €Y, is 955 rad s~ 1, the clectron gyrofrequency €2, is 1.76 x 10°rad s, the

clectron plasma. frequency 11, is 126 x 10'rad s™ !, and the proton plasma frequency

11,is 1.3 x 104 rad s]. The proton inertial length, V,,/€, is 1km. The clectron and

proton Debye lengths are 0.5 m. The clectric field in the spaceeraft frame is 310 km s’ x

0.1Gauss= 3.1 V in'1l. The above solar wind paramecters are summarized in Table 1. Table 1
In the Small Solar Probe mnission, a heat shield is necessary to protect the scientific

instruments. The instruments remain in the spaceeraft umbra and are in an environmnent

of 20°C. With the current spacceraft design, Figure 2, the heat shicld consists of Carbon-  Fig.2

Carbon material. Duc to the extreme temperature of the heat shield at 4 R, (~ 2100

K), some carbon molccules are evaporated by t he st rong, solar irradiation. They are

photoionized by solar UV and also created by clectron impact ionization. The shicld inass

loss Q is required to be less than 2.5 mg s! at perihclion (Ra ndol) >h [1991)). Instead

of the neutral Cz density given as equation (1), we use @ Maxwellian distribution (with

peak flux at the spacecraft surface) for case of computation. This method overestimates

the number of C2 atoms atr> 18, (212, is the spaceeraft dimension ) and thercfore is a

worst,-case situation.




3 Model

A full-p article simulation code is used tostudy inhomogencitics in a solar wind space-
craft int eraction. We first use 2-dimensional KEMPPO code to solve for the electrom -
netic and clectrostatic fields and for particle trajectories. Maxwell’s equations are solved
by a leap-frog scheme for time advancement and a centered differential schieme is used for
spat ial differentiation. The equations of motion for particles are solved with a I\uncmall-
1 3oris method (Birdsall et ol. [1985]). Inour simulation model ( see Figure 3), a half openFig.3
boundary condition is adopted. That is, damping regions are added in both 2 bound-
aries and periodic boundary conditions are used inthey dime.tioll. Theplasma waves
propagating in the & direction arc damped near the edges of the simulation box ( see
Figure 3) and particles arce not traced beyond the x = 0, a,,,, boundary. @,,.. represents
the size of thesystem including the damping regions. At the center of the system we
put inan internal boundary which corresponds to the spaceeraft. This is indicated by
the shaded box of size 212,. In this model all particles impinging upon the spacecraft
surface arc absorbed, that is, the reflection coefficient of the particles at the spacecraft
su rface is assumed to be zero. The potential of the spacecraft is calculated from the
accumulated charge using a capacitance matrix method [Hockney and Fastwood, 1988).
The solar wind flows along 2 axis from left-to-right and the solar wind magnetic ficld
has an angle 6 rclativeto the flow direction and lies withinthe @ — y plane. We choose
the spacecraft as our frame of reference. The external electric field has an intensity of
-V, X 13,. This is in the - z direction, e.g., into the paper. In order to siinulate an open
boundary system, the solar wind particles are injected from hoth ends (because of the
large thernal velocitics, some particles enter the box from the right side), @ =- 0, @40,

with a constant. ambient flux which is calculated from the thermal velocity and the solar




wind velocity V.

Table 2 gives the mode] paramcters, We find the clectron beta, jon sound Mach
number and Alfvén mach number are 0.013, 5.0 and 0.4, respectively. Note that the
flow speed is supersonic but not super-Alfvénic. The characteristic frequencies of cach
specics are chosen 10 maintain realistic ratios relative to the clectron cyclotron frequency.
The drift, ion thermal and ion sound velocities are indicated with a value normalized to
the solar wind clectron thermal velocity. Solar wind electrons and ions are considered
10 be isothermal. The mass ratios of the clectrons, protons and C2 ions are assured
10 be 1:16:100 in our simulation. The compressed mass ratio is necessary for resons of
computational cfliciency. The thermal velocity of Chr-origin clectrons is assumed to be
10 times smaller thanthat of solar wind clectrons. The thermal velocity of Csions is
very small; and therefore the ions can be assumed to he a cold heam in the solar wind.

Figure 4shows the velocity distribution] function used inthe computer siinulations.

4 TResulls

We perforin 4 computer simulation runs wit h different values of the angle of the external
magnetic field relative to the solar wind flow direction and Cs densities. Parameters for
cach simulation run are listed in Table 3. We first perforin a computer simulation without
C, particles (0 = 30°) to identify what kind of waves are generated due to the spacecraft-
solar wind interaction without pickup ions present. We do this for baseline information.
Next weput the Co pickup plasma into the system and compare the difference between
two cases at three different @ values (0 = 0°,30°and 900).

Figure & depicts the time evolution of (a) total encrgy, (b) clectric field, (¢) magnetic

ficld, (d) the nmnb er of solar wind clectrons, (¢) the nmumb er of solar wind protons, (f)

‘Jable 2

Fig.4

Fig.5



the number of Ch-origin electrons, (g) the number of €3 ions and (h) total nuinber of
particles, respectively. The simulation: system reaches a steady state at time €1 >~ 300.0.
The total time of the simulation run is .4 = 655.4. This siimulation time corresponds
to the one €3 gyroperiods. The frequency resolution is €., . Thus, the system reaches
steady state in~ 0.4 Qe .

Figure G shows the solar wind electron (@) and proton () density profiles at time
2.1 = 655.4 when the Cy ions are not present. 1'he density contour level is normalized
by the solar wind undisturbed density n,. A very small wake region develops behind the
spacecraft, but no shock nor density enhancement oceur.

Thenext 3 cases (Figures ‘7, 8 and 9) illustrate the densitics wlien Cy ions are present.
Figure 7 is the case where the external magnetic ficld has an angle of 0° relative to the
solar wind flow direction. The density profiles of the solar wind electrons (8), protons (b),
Cy-origin clectrons (¢) and C4 jons (d) are shown, respectively. A solar wind ion wake
is formed behind the spacecraft (see pancl (b)). This is primarily caused by the C2ion
density enhancement near the spacecraft (shown in panel (d)), displacing the solar wind
protons. There is a C2ion density buildup in the vicinity of the spacecraft (pancl (d)).
'The largest densities are on the upstream side of the spaceeraft. While the newly ereated
C4 ions are removed slowly from the vicinity of the spaceeraft, t he Co-origin elect rons
arc carried away very fast by interacting wit hihe solar wind electrons. Diffusion is the
main rcason for the rapid reinoval of the €3 -origin clectrons. "I'he charge separation of
the C4 jons from the Ce-origin clectrons creates an clectric field inthe vicinity of the
spacecraft. This electric ficld pushes the C3 ions in upstreamn direction. The Potential
structure inthe vicinity of the spacecraft will he showninFigure 1 ().

There is also a small region of downstream density enhancement just behind the

spacecraft. The cause of this enhancement is the focusing effect (Al’pert [1990]).

<
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As the the angle of the magnetic field relat ive to the spacecraft velocity increases
(Figures 8 and 9), more C, clectrons are carricd away from the spacecraft. The Cz jons
again build up on the upstreamn side of the spacecraft. Forthe § = 30° case, the absolute
densitics arc almost the same as the @ == 0° case, but the 4 ion density structure is now
inuch broader in angle. This is because the €4 ions can flow aloug the inagnetic field and
arc accelerated by the solar wind electric field (note the asymmetry in the y direction).
There is also again a high-density, narrow downstream enhancement region.

Figure 9 represents the solar wind and C2 Plasma density with the same format as
the Drevious Figure but for 0 =. 90°. 1 3ccause of the orthogonal field orientation, the
C3 density enhancement in the upstream region is now symmetric about the y direction.
There is aso now a lack of anculancement in the downstream region.

Figure 10 depicts the potential structure around the spacecraft with a bird’s eye view
for the O == 90° case. A potential hill due to charge separation exists behind the spacecraft.
The potential of the spacccraft itself is not affected much by spacecraft charging eflects.
The potential at spacecraft surface is almost 4 times the electron thermal energy (#5577 ).
The corresponding, electric ficldis~ 2.0 x 10- V! avery low value. This potential
is caused by the Cif jons in the vicinity of the spacecraft. The maximum of this potential
kept low due to the presence Of background thermal electrons. The maxiimun of this
potential is ~ 4upd, ~ 5.6 X 10- 2erg. The drift energy of the solar wind proton is
~ 7.5 x 107 %yq. Thus, this shonld not lead to any interference with solar wind plasma
detection.

Figures 11 and 12 snow the wave spectraalong t hex axis at y/Ap= 17.() ( panel
(@) and 25.2( pancl (b) ), respectively. Figure 11 shows the wave spectra when the €4

plasma is present. On the other hand, Figure 12 corresponds to t he case when the C3

10
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ions are not present. We cannot sce any kind of wave generation in the vicinity of the

spacecraft due to the €3 plasma.

5 Instabilities

In this Section, we will consider two basic plasma instabilities related to Low Frequency
(MIHD) waves which may occur in the vicinity of the spacecraft. One is a resonant

instability and the other a nonresonant instability.

5.1 Resonant Instabilities

We first consider the resoniant case. 1 3clow ist he condition for resonance between elee-

tromagncetic warns and ring-beam ions.
w -k .v=nQ0, (3)

where W is the Wave frequency, k the wave vector. v the velocity of the ion, and n is an
integer 0, 1, 42,... . For simplicity, we only will discuss the first order resonances (n = --1
for right-hand modes). in the resonant ion-beamn case, the heat shicld ions overtake right-
hand waves. Through an anomalous Doppler shift, t hie ions sense the waves as left-handed
(the same sense of rotation as the ion gyration abont I3), and resonance occurs when:

W Q9.
. 14 - o2

B gy (4
From the above expression it can be noted that there canunot be a resonant interaction
if the particle parallel (along I3)velocity is less than t hie wave phase speed. From the
previously given numbers, the particle velocity is 330 km s1 relative to the solar wind

1

plasma and he Alfven speed is 1200 km s™ 1. Therefore, no waves are generated by this

mteraction.

11



5.2 Nonresonant Instabilities

For nonresonant instabilitics, the ion beam densities must be > 1% of the ambient plasma
density a1 id/or the beam velocity >10to 15 times the wave phase velocity ( Winske and
Gary 1986). We have already discussed thie later and have noted that Vieam << Vjp,, thus
this condition is not met. The Small Solar Probe heat shield design is for a maximum
outgassing of neutrals of 2.5 mg s'. Obviously for distances further than 412, the
temperature and outgassing will be considerably less. Using the above numbers and the
necutral velocity of 1 km s, we get, a productionrate of | () ions e 3 stat 3 km, the
C3 ion gyroradius. in the 6 =- 90° case, t heseions are rapidly swept. away by the solar
wind plasma at the velocity of 310 ki s” *. The “ heam” density is thus over 4 orders of
magnitude less than the solar wind density of 2x 1 0°cin™ 3. Because neither of the two
requirements are met for the nonresonant instability, we wounld ¢Xpect j0 wave generation

from this moechanism.

6 Summary

We have performed 4 computer simulations, one without Cy ions and others with C2 jons
and 0 =- 0°, 30°and 90°,

There is anupstream €4 density feature for al cases of O. The density enhancement,
has amagnitude of ~ 4n,. This density enhancement is caused by the charge separation
of ¢4 ions and clectrons. This spatial structure is commonly scen for all cases of U. The
shape of this density feature is depend on 0. This is duc to the vg, x I3 drift of the ions.
There is negligiblic potential near the spaceeraft on the solar side. There is a small C3f
density wake behind the spaceeraft for all cases ¢X¢Cptwhen € = 90°. The density is

again ~ 2n,. The causes of this is a focusing effect. *J here is ameasureable spacecraft

12



potential but quite small~ 2.0 x 10- 'V m" *. We also compared the peak encrgy of the
potential structure with the drift energy of the solar wind protons. We con firmed that
the solar wind flow is not affected by this potential.

We also checked the wave intensity in the vicinity of t he spacecraft. We could not

find any change in the frequency spectrum duce to the €4 plasma.
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Parameters

Density
Ambient B field

Electron Thermal Velocity
Proton Thermal Velocity
Electron Gyrofrequ ency
Proton Gyrofrequency
Electron Larmor Radius
Proton Larmor Radius
Electron Plasma Frequency
Proton Plasma Frequency
DebyeLength

Alfvén Velocity

Alfvén Mach Number

lon Sound Velocity

Sound Mach Number

C ionization rate

?/0(clll- 3,
B, (Gauss)
V. ((111s )
Vi(ems )
Q. /2n(H2)
;/2n(Hz)
pe(cm)
pi(em)
1. /27(17z)
11, /27 (11z)
Ap{cm)
Valem s
My

Vi(em s~ 1)
M,

7 (scc ~ 1)

Value
2" 10°
0.1
5.6"108
1.3" 107
1.76. 10°
960
3.8.102
1.4.104
25 - 106
5.9-10°
22.()
1.2 108
0.3
154.105

2()
0.017

Table 1: Basic Parameters of the Solar Wind at 472
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Paramecters

Electron Plasma Freq. 1./, 4.0
1’roton Cyclotron Freq. 0,/ 1.0
Prot on Plasma Freq. 11, /2, 1.0
Proton Thermal Velocity V,,/ Ve 0.1
C3 Cyclotron Fyeq. Qeaq [ 0.04
C3 Plasma Freq. oy /€2 0.01
73 Thermal Velocity Veoy Ve 0.001
Mass ratio mey - My, s e 100:16:1
Llebye length AD 0.25
Spacecraft Size Ro/Ap 1.6
Alfvén Velocity Va/V. 1.25
Electron Beta . 0.013
Plasma Drift Velocity Va/Ve 0.5
Light Speed e/ Ve 10
Ion Sound Speed Vi Ve 0.1
Sound Mach Number M, 5.0
Alfvén Mach Number My 0.4
Spatial grid Ar 0.2
_Time grid Ar 0.01
Normalizat jo1 Values
Electron Cyclotron Freq. Qe 1.0
Solar Wind Electron Thermal Velocity Ve 1.()

Table 2: Normalized parameters used in the comput er experiments. Normalizations are
taken with respect to the clectron cyclotron frequency, 2., the solar wind clectron thermal

velocity, V.. 17



(1) 6 30.0 0.0
) 7 00 4.0
(3) 8 30.0 4.()
(4) 5 9, 10 90.0 4)

Table 3: Paramecters used in the sitnulation runs. Cy, munber flux is defined relative to

the solar wind particle number flux.
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Figure 3: 2-dimensional computer simulation model. | Yamping region is attached at both

ends of the z direction boundary. Periodic boundary condition has been adoptedin y

direction boundary. Intcrnal boundary, which corresponds tothe spacecraft, is located

at the center of the physical region.
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Figure 5: Energy and particle number evolution during simulation (4) of Table 3. The
simulation systemreaches the steady state at timne §2,£ ~ 300.” The figures show: (a) Total
cnergy in the system, (b) Electric field energy, (€) Magnetic field energy, (d) Number of
the solar wind clectrons, (¢) Number of the solar wind protons, (f) Number of the C,
origin clectrons and (g) Number of the €3 fons, respectively. Energy is normalized by the
solar wind electron kinet ic energy, k7. 1 )dccrcase of the total energy is due to outgoing
cucrgy flux of the solar wind clectrons and ions, whichi is initially loaded in the simulation

system. On the contrary the number of cold C4f ion increases in time.
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Figure 6: The solar wind clectron (a) and proton (b) density profiles for the case 0 = 30°

without Cy particles.
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Figure 1 (: Potential structure in the vicinity of the spacecraft. Bottom panel depicts

a contour map of the potential S0 ¢ure. Upper left and upper right figures show the

projection of the potential structure onto the ¢ - & Planc and ¢ -y planc, respectively.

1 otential energy c¢ is normalized with the solar wind thermal energy £7°~ 1 00¢V/,
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Figure 11: Frequency spectra of the electric field x component along the x axis at y/An=
(a) 17.0 and (b) 25.2 when the Gy plasma is present. ¥/An = 25.2 corresponds to the
location where the spacecraft is placed. The region delimited by dashed lines indicates

the spaceeraft location.
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Figure 12 Frequency spectra of the electric field x component along the x axis at y/Ap
(@ 17.() and (b) 25.2 when the C4f plasma is not present. y/Ap, = 25.2 corresponds to the

location where the spacecraft is placed. The region delimnited by dashedlines indicates

the spacecraft location.
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